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In this paper, the charge form factor and charge radius of neutron are evaluated in the perturbative
chiral quark model (PCQM) with considering both the ground and excited states in the quark
propagator. A Cornell-like potential is extracted in accordance with the predetermined ground
state quark wavefunction, and the excited quark states are derived by solving Dirac equation with
the extracted PCQM potential numerically. The theoretical results reveal that the contributions
of the excited quark states are considerably influential in the charge form factor and charge radius
of neutron as expected, and that the total results on the charge form factor and charge radius of
neutron are significantly improved and increased by nearly four times by including the excited states
in the quark propagator.
PACS numbers: 12.39.Ki,14.20.-c,14.40.-n
I. INTRODUCTION
The electromagnetic form factors play a unique role
to investigate the nucleon internal structure and inter-
action. Among the four non-strange nucleon electro-
magnetic form factors (GpE(Q
2), GpM (Q
2), GnE(Q
2) and
GnM (Q
2)), the charge form factor, GnE(Q
2), is special
since the neutron charge form factor would vanish at all
momentum transfers Q2 if the SU(6) spin-flavor symme-
try of QCD was exact. However, non-zero experimen-
tal values of the neutron charge form factor have been
reported [1] and the neutron charge radius squared is
〈r2E〉n = −0.116 ± 0.002 fm2 [2]. At low momentum
transfer Q2, the pion cloud of the nucleon is expected
to play a significant role in the quantitative description
of the form factors. Thus by studying the neutron charge
form factor GnE(Q
2) at the low-Q2 region we may achieve
a better understanding of the structure of neutron and
interactions between the quarks and mesons.
Recently, the great attention has been paid to the the-
oretical study on the neutron charge form factor and
charge radius [3–17]. In Refs. [8, 9], the neutron charge
form factor has been investigated in the chiral perturba-
tion theory under the extended on-mass-shell renormal-
ization scheme, and the result reveals that the charge
form factor of the neutron is very sensitive to higher-
order contributions. In Ref [3, 10], the neutron charge
form factor in the various quark meson coupling models
have been studied and discussed, while the effects of the
meson cloud to the neutron charge form factor has been
estimated in the meson cloud model in Ref. [6, 15]. Lu et
al studied and reported the correction of center-of-mass
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FIG. 1. Normalized radial wavefunction of the valence quarks
for the upper component g(r) and the lower component f(r),
which are determined by fitting the theoretical results of the
proton charge form factor to the experimental data [18].
motion contributions to the neutron charge form factor
in the relativistic quark model in Refs. [4].
The perturbative chiral quark model (PCQM) is an in-
dispensable tool in studies of the baryon structure and
properties in the low-energy particle physics [18–29]. In
our previous works [18, 19], the electromagnetic and ax-
ial form factor as well as electroweak properties of octet
baryons have been evaluated in the PCQM based on the
predetermined ground state quark wavefunction, which
is extracted by fitting the PCQM theoretical result of
the proton charge form factor GpE(Q
2) to the experimen-
tal data [18] as shown in Fig. 1. The PCQM theoretical
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FIG. 2. Neutron charge form factor in the PCQM with the
predetermined ground state quark wavefunction only [18].
results with the predetermined quark wavefunction are
fairly consistent with the experimental data and lattice
QCD values (except for neutron). That may indicate
that the predetermined ground state quark wavefunction
is reasonable and credible in the PCQM. However, the
work failed to reproduce the experimental data of the
neutron form factor, as shown in Fig. 2. The reason
might be that the quark propagator is restricted to the
ground-state only in our calculation. The meson cloud
solely contributes to the neutral baryon charge form fac-
tors as the Leading-order contribution of the 3q-core van-
ishes due to the SU(6) structure. One may propose that
it is necessary to include excited-state quarks to investi-
gate the neutral baryon charge form factors. More discus-
sions and results on the neutron charge radius including
the excited quark propagator may be found in Ref. [18].
In this work, we attempt to investigate and improve the
neutron charge form factor in the framework of PCQM
with considering both the ground and excited states in
quark propagator. It is noted that there are no further
parameters to be adjusted in the present work.
The paper is organized as follows. In Sec. II, we ex-
tract the PCQM potential, based on the predetermined
ground state quark wavefunction, and evaluate the ex-
cited quark wavefuntions. The theoretical expressions of
neutron form factors in the PCQM are listed in Sec. III,
and the numerical results and discussions are presented
in Sec. IV. Finally, we summarize and conclude the work
in Sec. V
II. POTENTIAL AND WAVEFUNCTIONS
In the framework of the PCQM, baryons are consid-
ered as the bound states of three relativistic valence
quarks moving in a central potential with Veff(r) =
S(r) + γ0V (r), while a cloud of pseudoscalar mesons, as
the sea-quark excitations, is introduced for chiral sym-
metry requirements, and the interactions between quarks
and mesons are achieved by the nonlinear σ model in the
PCQM. The Weinberg-type Lagrangian of the PCQM
under an unitary chiral rotation [18, 19] is derived as,
L0(x) = ψ¯(x)
[
i∂/− γ0V (r)− S(r)]ψ(x)
−1
2
Φi(x)
(
+M2Φ
)
Φi(x), (1)
LWI (x) =
1
2F
∂µΦi(x)ψ¯(x)γ
µγ5λiψ(x)
+
fijk
4F 2
Φi(x)∂µΦj(x)ψ¯(x)γ
µλkψ(x), (2)
where fijk are the totally antisymmetric structure con-
stant of SU(3), the pion decay constant F = 88 MeV in
the chiral limit, Φi are the octet meson fields, and ψ(x)
is the triplet of the u, d, and s quark fields taking the
form
ψ(x) =

u(x)
d(x)
s(x)
 . (3)
The quark field ψ(x) could be expanded in the form,
ψ(x) =
∑
α
(
bαuα(~x) e
−iEαt + d†αυα(~x)e
iEαt
)
, (4)
with bα and d
†
α are the single quark annihilation and
antiquark creation operators. The set of quark uα and
antiquark νβ wavefunctions in orbits α and β is solutions
of the static Dirac equation:
[−iγ0γ · ∇+ γ0S(r) + V (r)− Eα]uα(x) = 0, (5)
where Eα is the single quark energy. In general, the quark
wavefunctions uα(~x) may be expressed as
uα(~x) =
 gα(r)
i~σ · xˆfα(r)
χsχfχc, (6)
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FIG. 3. The extracted PCQM potentials based on the prede-
termined ground state quark wavefunction. Left panel: Σ(r)
potential, right panel: ∆(r) potential.
3TABLE I. The energy levels of a single quark with E0 =
0.524 GeV.
Notation n l j κ Eα (GeV)
1s1/2 1 0 1/2 −1 0.524
2s1/2 2 0 1/2 −1 0.722
3s1/2 3 0 1/2 −1 0.935
4s1/2 4 0 1/2 −1 1.122
1p1/2 1 1 1/2 1 0.669
2p1/2 2 1 1/2 1 0.847
3p1/2 3 1 1/2 1 1.041
1p3/2 1 1 3/2 −2 0.738
2p3/2 2 1 3/2 −2 0.877
3p3/2 3 1 3/2 −2 1.059
1d3/2 1 2 3/2 2 0.805
2d3/2 2 2 3/2 2 1.009
1d5/2 1 2 5/2 −3 0.844
2d5/2 2 2 5/2 −3 1.025
1f5/2 1 3 5/2 3 0.920
2f5/2 2 3 5/2 3 1.101
1f7/2 1 3 7/2 −4 0.933
2f7/2 2 3 7/2 −4 1.133
1g7/2 1 4 7/2 4 1.022
1g9/2 1 4 9/2 −5 1.028
where χs, χf and χc are the spin, flavor and color quark-
wavefunctions, respectively.
In our previous works [18, 19], the ground state quark
wavefunction u0(~x) has been determined by fitting the
PCQM theoretical result of the proton charge form factor
GpE(Q
2) to the experimental data as shown in Fig. 1. The
PCQM potentials V (r) and S(r) are derived by letting
the ground state quark wavefunction u0(~x) satisfy Dirac
equation (5) and considering as boundary conditions the
quark confinement and asymptotic freedom properties.
In Fig. 3, we present the extracted PCQM potentials
Σ(r) = V (r) + S(r) and ∆(r) = V (r) − S(r). It is clear
that the potential Σ(r) in the left panel of Fig. 3 shows a
Cornell-like potential pattern. The potential Σ(r) takes
the form of Coulomb potential at small r but goes up
quickly to infinite with r increasing, which may be un-
derstood as the quark confinement. At the middle region
of r, the potential Σ(r) is nearly zero, which may indi-
cate quarks are more or less free. The potential ∆(r) as
shown in the right panel of Fig. 3 results in a mass well.
Furthermore, the ground and excited quark wavefunc-
tions could be derived numerically by solving Eq. (5) with
the extracted PCQM potential using Generalized Eigen-
value & Eigenstate Problem method,
Hn′nCn = EαBn′nCn, (7)
H =
 E0 + Σ(r) − ddr + κ/r
d
dr + κ/r E0 + ∆(r)
 . (8)
In the calculation, we expend the quark wavefunctions
in the complete set of Sturmian functions |Snl(r)〉 [18].
In Eq. (7), Eα and Cn are the eigenvalues and eigen-
states, respectively. Hn′n are the matrix elements of op-
erator H of Eq. (8) in the Sturmian basis, and Bn′n =
〈Sn′l(r)|Snl(r)〉. E0 is the ground state energy and to be
fixed as E0 = 0.524 GeV
† in this work.
The results listed in Table I are the energy levels of
a single quark, derived by solving Eq. (7) numerically
with E0 = 0.524 GeV. The radial wavefunctions of the
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FIG. 4. The numerical results on the normalized radial wave
functions of the valence quarks for the upper component g(r)
and the lower component f(r) by solving Eq. (7) with the
extracted PCQM potential Σ(r) and ∆(r).
† This value can be deduced from a calculation of octet baryon
spectrum in the PCQM, and it will be published soon.
4(a) (b)
(c) (d)
FIG. 5. Diagrams contributing to the charge form factor of
neutron: meson clound (a), vertex correction (b), self-energy
I (c) and self-energy II (d).
valence quarks are presented in Fig. 4, with the upper
component g(r) and the lower component f(r). Note
that in the calculation the quark wavefunctions are nor-
malized according to
∫
d3~xu†α(~x)uα(~x) = 1. In this work,
we restrict the energy levels Eα up to the low energy
scalar Λ = 1 GeV. The ground state 1s1/2 and the ex-
cited states 1p1/2, 1p3/2, 1d3/2, 1d5/2, 1f5/2, 1f7/2, 2s1/2,
2p1/2, 2p3/2 and 3s1/2 are included in the quark propa-
gator to investigate the neutron charge form factor and
charge radius in the PCQM.
III. NEUTRON CHARGE FORM FACTOR IN
PCQM
In the framework of the PCQM, the neutron charge
form factors GnE(Q
2) up to the one-loop order in the Breit
frame is defined by
χ†n′sχnsG
n
E(Q
2) = n〈φ0|
2∑
n=0
i2
2!
∫
δ(t)d4xd4x1d
4x2e
−iq·x
×T [LWI (x1)LWI (x2)j0(x)]|φ0〉nc , (9)
where the state vector |φ0〉n corresponds to the unper-
turbed three-quark states projected onto the neutron
state, which are constructed in the framework of the
SU(6) spin-flavor and SU(3) color symmetry. The sub-
script c in Eq. (9) refers to contributions from connected
graphs only. χns and χ
†
ns′ are the neutron spin wave-
functions in the initial and final states. GnE(Q
2) is the
neutron charge form factor. The charge current operator
j0 in Eq. (9) is given by
j0 = ψ¯γµQψ +
[
f3ij +
f8ij√
3
]
Φi∂
µΦj
+
[
f3ij +
f8ij√
3
]
Φj
2F
ψ¯γµγ5λiψ, (10)
where Q is the quark charge matrix Q =
diag{2/3,−1/3,−1/3}.
As discussed in our previous work [18], the 3q-core
contributing to the neutron charge form factor GnE(Q
2)
vanishes due to the SU(6) structure, while the meson
cloud or the loop diagrams dominate to the charge form
factor of neutron only. In Fig. 5, we give the Feynman di-
agrams contributing to the neutron charge form factor in
accordance with the LWI (x) in Eq. (2) and j0 in Eq. (10).
For the sake of simplicity, the calculations are restricted
to the SU(2) flavor symmetry in this work, i.e. including
pi-meson cloud only, and the corresponding analytical ex-
pressions for the relevant diagrams are derived as follows:
(a) Meson cloud (MC) diagram:
GnE(Q
2)
∣∣
MC
= − 1
2(2piF )2
∫ ∞
0
dkk2
∫ 1
−1
dx
k2 + kQx
[ωpi(k2) + ∆Eα][ωpi(k2+) + ∆Eα][ωpi(k2+) + ωpi(k2)]
×
{
FIα(k+)F
†
Iα(k) + ∆Eα
[
FIα(k+)F
†
IIα(k) + FIIα(k+)F
†
Iα(k)
]
−
[
ωpi(k
2
+)ωpi(k
2) + (ωpi(k
2
+) + ωpi(k
2))∆Eα
]
FIIα(k+)F
†
IIα(k)
}
, (11)
where ωpi(k
2) =
√
M2pi + k
2, ∆Eα = Eα − E0 and
FIα(k) =
∫ ∞
0
drr2
[
g0(r)gα(r) + f0(r)fα(r) cos 2θ
] ∫
Ω
dΩeikr cos θCαYlα0(θ, φ), (12)
FIIα(k) =
i
k
∫ ∞
0
drr2
[
g0(r)fα(r)− gα(r)f0(r)
] ∫
Ω
dΩ cos θeikr cos θCαYlα0(θ, φ), (13)
5k± =
√
k2 +Q2 ± 2k
√
Q2x. (14)
The label α = (nlαjm) in the above equations characterizes the quark state. Cα in Eq. (12) and (13) is the
Clebsch-Gordan coefficients Cα = 〈lα0 12 12 |j 12 〉 and Ylα0(θ, φ) is the usual spherical harmonics with lα being the orbital
quantum numbers of the intermediate states α.
(b) Vertex correction (VC) diagram:
GnE(Q
2)
∣∣
V C
=
1
2(2piF )2
∫ ∞
0
dkk4
Fpiαβ(k)
ωpi(k2)[ωpi(k2) + ∆Eα][ωpi(k2) + ∆Eβ ] · Aα,β(Q
2), (15)
where
Fpiαβ(k) = FIα(k)F †Iβ(k)− ωpi(k2)FIα(k)F †IIβ(k)− ωpi(k2)FIIα(k)F †Iβ(k) + ω2pi(k2)FIIα(k)F †IIβ(k), (16)
Aα,β(Q2) =
∫ ∞
0
drr2[gα(r)gβ(r) + fα(r)fβ(r)]
∫
Ω
dΩeiQr cos θCα,β(θ, φ), (17)
with
Cα,β(θ, φ) = CαCβYlα0(θ, φ)Ylβ0(θ, φ) +DαDβY ∗lα1(θ, φ)Ylβ1(θ, φ), (18)
Dα = 〈lα11
2
− 1
2
|j 1
2
〉. (19)
(c) Self-energy I (SE I) diagram:
GnE(Q
2)
∣∣
SE:I
= − 1
4(2piF )2
∫ ∞
0
dkk2
∫ 1
−1
dx
k2 − kQx
ωpi(k2)[ωpi(k2) + ∆Eα]
×
[
ωpi(k
2)FIIα(k)F
†
IIα(k−)− FIα(k)F †IIα(k−)
]
. (20)
(d) Self-energy II (SE II) diagram:
GnE(Q
2)
∣∣
SE:II
= − 1
4(2piF )2
∫ ∞
0
dkk2
∫ 1
−1
dx
k2 + kQx
ωpi(k2)[ωpi(k2) + ∆Eα]
×
{
ωpi(k
2)FIIα(k+)F
†
IIα(k)− FIIα(k+)F †Iα(k)
}
. (21)
The energy shifts ∆Eα in the above equations can be
determined through the energy levels listed in Table I,
and the corresponding quark wavefunctions of the ground
and excited states are as shown in Fig. 4. GnE(Q
2)
∣∣
SE:II
and GnE(Q
2)
∣∣
SE:II
respectively in Eq. (20) and Eq. (21)
lead to the same results for the diagrams (c) and (d) of
Fig. 5 based on the T-symmetry, and then we label SE
instead of the sum result of SE I and SE II diagrams in
the following.
IV. NUMERICAL RESULTS AND DISCUSSION
In this section we evaluate the neutron charge form fac-
tors and charge radius, considering both the ground and
excited quark wavefunctions which have been determined
numerically in the section II. Note that there are no more
parameter in the following numerical calculations on the
neutron charge form factors.
We first list in Table. II the net charge of neutron,
which is the neutron charge form factors in zero-recoil
GnE(Q
2)|Q2=0. It is clear that the VC diagram con-
tributes a positive value while both the MC and SE di-
agrams result in negative values. Ultimately, they coun-
teract each other to let the net charge of neutron be zero
exactly as the total result presented in Table II. We also
compile in Table III the charge radius squared of neutron
〈r2E〉n, which is derived by
〈r2E〉n = −6
d
dQ2
GnE(Q
2)|Q2=0. (22)
The numerical results are separated into the contribu-
tions of the ground and excited states in the quark prop-
6TABLE II. Numerical result for the net charge of neu-
tron, which is the neutron charge form factor in zero-recoil
GnE(Q
2)|Q2=0.
Diagram GnE(0)
MC −0.036
Ground VC 0.036
SE 0
MC −0.018
Excited VC 0.072
SE −0.054
Total MC+VC+SE 0
agator. As listed in Table III, we may point out that the
excited quark state contributions are considerably influ-
ential in the neutron charge radius, and the total result of
neutron charge radius increases fourfold when the excited
states are included in the quark propagator although it
is still rather smaller than the experimental value [2].
In Fig. 6, we present the contribution of various pro-
cesses as shown in Fig. 5 to the neutron charge form
factor in the low energy region Q2 6 1 GeV2 attributed
to the ground state in quark propagator only. As the
results shown in Fig 6, the contributions of the SE di-
agrams vanish exactly since the function FII0(k) ≡ 0
in Eqs. (20) and (21) for the ground state quark wave-
function. In this case, only the MC and VC diagrams
contribute to the neutron charge form factor and coun-
teract each other. It is clear that the total result based
on the ground state quark wavefunction in Fig. 6 leads
to a small but nonvanishing neutron charge form factor,
which is the same as our previous finding of Ref. [18].
Further, we show in Fig. 7 the Q2-dependence of the
neutron charge form factor separated into the MC, VC
and SE diagrams contributions, in which the intermedi-
ate excited quark states 1p1/2, 1p3/2, 1d3/2, 1d5/2, 1f5/2,
1f7/2, 2s1/2, 2p1/2, 2p3/2 and 3s1/2 as predetermined in
Fig. 4 are included in the quark propagator. It is found
that the VC and SE diagrams dominate the neutron
TABLE III. Numerical results for the neutron charge radius
〈r2E〉n (in units of fm2), and the experimental data are taken
from Ref. [2].
〈r2E〉n Exp. [2]
Ground −0.014 —
Excited −0.058 —
Total −0.072 −0.116± 0.002
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FIG. 6. The individual contributions of the various diagrams
of Fig. 5 to the charge form factors of neutron attributed to
the ground state quark propagator only.
charge form factors, while the MC diagram contributes
much less. The comparison between the results in Fig. 6
and Fig. 7 indicate that the VC and SE diagrams with
the excited state quark propagator contribute much more
to the neutron charge form factor than the ones with the
ground-state quark propagator.
In Fig. 8, we show the complete results on the Q2-
dependence of the charge form factors of neutron, in-
cluding both the ground and excited states, in compar-
ison with the experimental data [30–39] plotted as well.
As expected , the excited states quark propagators pos-
itively contribute to the neutron charge form factor and
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FIG. 7. The individual contributions of the different diagrams
of Fig. 5 to the charge form factors of neutron when the ex-
cited states are included in the quark propagators.
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FIG. 8. The PCQM results on neutron charge form factor
GnE(Q
2) considering both ground and excited states quark
propagators. The experimental data on the neutron charge
form factor are taken from Refs. [30–39].
may be nearly fourfold over the one from ground-state
quark propagator. Obviously, the total result of the neu-
tron charge form factor as shown in Fig. 8 is improved by
including the excited states quark propagators, but the
work still fails to reproduce the experimental data.
It is noted that the center-of-mass correction plays an
important role in relativistic quark models [4, 40, 41].
Ref. [40] reveals that the nucleon mass is very sensitive
to the center-of-mass effect, decreasing some 40%. In
Ref. [41], the effects of the center-of-mass motion cor-
rection to the electroproduction transition of N(1440)
in the relativistic quark model has been studied and re-
ported, while the theoretical results in Ref. [4] reveal that
the center-of-mass correction increases the proton charge
form factor by nearly 100%. Thus we have reasons to
believe that the neutron charge form factor could be im-
proved by considering the center-of-mass correction in
the PCQM.
V. SUMMARY AND CONCLUSIONS
In this work, we have evaluated the charge form factor
and charge radius of neutron in the PCQM with consid-
ering both the ground (1s1/2) and excited quark states
(1p1/2, 1p3/2, 1d3/2, 1d5/2, 1f5/2, 1f7/2, 2s1/2, 2p1/2,
2p3/2 and 3s1/2) in the quark propagator. The excited
quark states are derived by solving the Dirac equation
with the Cornell-like PCQM potential extracted in accor-
dance with the predetermined ground state quark wave-
function. In summary, one may conclude that the con-
tributions of the excited states in the quark propagator
are considerably influential in the charge form factor and
charge radius of neutron as expected, and that the to-
tal results on the charge form factor and charge radius
of neutron are significantly improved and increased by
nearly four times by including the excited states in the
quark propagator.
However, the PCQM theoretical results on the charge
form factor and charge radius of neutron in this work are
still smaller than the experimental values. As reported
in Refs. [4, 40, 41], it is necessary to include the center-
of-mass correction in studying the internal structure of
baryons in relativistic quark models. The study of the
center-of-mass correction to the charge form factor and
charge radius of neutron is our future work.
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